
Knockdown of Sec8 promotes cell-cycle arrest at G1/S
phase by inducing p21 via control of FOXO proteins
Toshiaki Tanaka1,2 and Mituyoshi Iino2

1 Department of Anatomy and Cell Biology, Faculty of Medicine, School of Medicine, Yamagata University, Japan

2 Department of Dentistry, Oral and Maxillofacial Surgery, Plastic and Reconstructive Surgery, Faculty of Medicine, School of Medicine,

Yamagata University, Japan

Keywords

cell-cycle arrest; FOXOs; Mdm2; p21; Sec8

Correspondence

T. Tanaka, Department of Dentistry, Oral

and Maxillofacial Surgery, Plastic and

Reconstructive Surgery, Faculty of

Medicine, School of Medicine, Yamagata

University, 2-2-2 Iidanishi, Yamagata

990-9585, Japan

Fax: +81 23 6285414

Tel: +81 23 6285413

E-mail: ttanaka@med.id.yamagata-u.ac.jp

(Received 6 September 2013, revised 6

November 2013, accepted 29 November

2013)

doi:10.1111/febs.12669

p21Cip1 protein inhibits the activity of cyclins at the G1 checkpoint and

influences transition of cells from the G1 to the S phase of the cell cycle.

Moreover, expression of members of the FOXO family (active form of

forkhead transcription factors of the O class) in dividing cells promotes

cell-cycle arrest at the G1/S boundary via regulation of p21Cip1. Recently,

the exocyst complex, including Sec8, has been implicated in various roles

independent of its role in secretion, such as cell migration, invadopodia

formation, cytokinesis, glucose uptake and neural development. Given the

essential roles of the exocyst complex in cellular and developmental pro-

cesses, disruption of its function may be involved in various diseases such

as cancer, diabetes and neuronal disorders. However, the relationship

between Sec8 and the cell cycle remains to be elucidated. In this study,

knockdown of Sec8 inhibited cell growth and promoted cell-cycle arrest at

the G1/S phase by control of p21 expression and retinoblastoma protein

phosphorylation. Furthermore, Sec8 regulated FOXO family proteins via

ubiquitin–proteasome degradation by regulating the expression of the mur-

ine double minute 2 (Mdm2) protein but not S-phase kinase-associated

protein 2 (Skp2).

Introduction

Cell-cycle progression is governed by cyclin-dependent

kinases (CDKs), which are activated by cyclin binding

and inhibited by CDK inhibitors (CKIs) [1]. Although

CDK protein levels do not change significantly, the

dynamic activities of CDKs during the cell cycle are

regulated through expression, ubiquitylation and deg-

radation of cyclins and CKIs, both temporally and

spatially, in addition to phosphorylation and dephos-

phorylation [2]. CKIs may be divided into two fami-

lies. The inhibitor of CDKs (INK4) family includes

p15INK4B, p16INK4A, p18INK4C and p19INK4D; these

CKIs specifically bind CDK4 and CDK6 and inhibit

cyclin D association. The other family, the kinase

inhibitor protein (KIP) or CDK-interacting protein

(CIP) family, includes p21Cip1 [3], p27Kip1 [4] and

p57Kip2 [5]. These CKIs bind and inhibit all cyclin-

bound CDKs [6,7].

The G1/S checkpoint prevents replication of damaged

DNA. p21Cip1 protein inhibits the activity of cyclins at

the G1 checkpoint and influences transition of cells from
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the G1 to the S phase of the cell cycle. Under normal

conditions in early G1 phase, retinoblastoma protein

(Rb) is specifically phosphorylated by CDK4,6/cyclin D

complexes. At the end of the G1 phase, the Cdk2/cy-

clin E complex is control for complete Rb phosphoryla-

tion, which leads the cells through the G1/S checkpoint.

Fully phosphorylated Rb releases E2F factor, which

enables transcription of S-phase genes [8]. After DNA

damage, the activity of Cdk2 is inhibited by the p21Cip1

protein, leading to accumulation of hypophosphorylat-

ed Rb, which binds the E2F factor. In this way, p21Cip1

protein blocks the transition between G1 and S phase,

and causes cell-cycle arrest [9].

Expression of members of the FOXO family (active

form of forkhead transcription factors of the O class)

in dividing cells promotes cell-cycle arrest at the G1/S

boundary [10]. FOXO transcription factors belong to

the forkhead family of proteins characterized by a con-

served DNA-binding domain: the forkhead box [11].

Humans have four isoforms of the FOXO transcrip-

tion family: FOXO1, FOXO3, FOXO4 and FOXO6

[12]. The FOXO family functions at the interface of

tumor suppression, energy metabolism and organism

longevity [12]. FOXO family proteins modulate expres-

sion of genes involved in apoptosis, the cell cycle,

DNA damage repair, oxidative stress, cell differentia-

tion, glucose metabolism, and other cellular functions

[13]. Therefore, FOXO family proteins are potential

targets for treatment of multiple disorders.

Sec8 is one of eight subunits of the exocyst complex

that functions in fundamental membrane trafficking

events in eukaryotic cells [14]. The exocyst complex is

an evolutionarily conserved multi-subunit protein com-

plex [15] that plays a crucial role in targeting of secre-

tory vesicles to the plasma membrane during

exocytosis [14]. The exocyst complex is involved in

diverse cellular processes requiring polarized exocyto-

sis, such as epithelial polarity establishment, neurite

outgrowth and ciliogenesis [14].

Recently, Sec8 has been found to contain a

pathogenic mutation in patients with Meckel–Gruber

syndrome [16]. Sec8 significantly promotes oligoden-

drocyte morphological differentiation and myelin-like

membrane formation [17]. It interacts with IQ motif

containing GTPase activating protein 1 (IQGAP1)

downstream of the small GTPase Cdc42 and RhoA,

and this interaction is required for invadopodial prote-

olysis of the matrix and breast tumor cell invasion

[18]. Both Glut4 and Sec8 translocate to lipid rafts in

response to insulin [19].

Therefore, the exocyst complex has also been

assigned various roles independent of its role in secre-

tion, such as cell migration [20,21], invadopodia for-

mation [22], cytokinesis [14], glucose uptake [19] and

neural development [23]. Because of the essential roles

of the exocyst complex in cellular and developmental

processes, disruption of its function may be involved

in various diseases such as cancer, diabetes and neuro-

nal disorders. However, the relationship between Sec8

and the cell cycle remains to be elucidated.

In the present study, we demonstrated that Sec8 regu-

lates FOXO1 or FOXO4 via modulation of the expres-

sion of murine double minute 2 (Mdm2) protein in oral

cancer cell lines. Moreover, Sec8 regulates cell-cycle

progression through control of p21 by FOXO proteins.

Results

Sec8 knockdown increases p21 expression in the

nucleus

We first examined whether Sec8 regulates the

expression of p21. We performed immunofluorescence

staining of HSC3 and Ca9-22 cells. As shown in

Fig. 1A,B, p21 (green) was localized mainly in the

nucleus. Cells transfected with Sec8-1 or Sec8-2 siRNA

displayed p21 expression in the nucleus that was

higher than that in cells transfected with negative con-

trol siRNA (Fig. 1A,B). The expression of p21 in the

nucleus in HSC3 cells transfected with Sec8-1 or Sec8-

2 siRNA was approximately 1.5 times that in HSC3

cells transfected with negative control siRNA

(Fig. 1A). Moreover, p21 expression in the nuclei of

Ca9-22 cells transfected with Sec8-1 or Sec8-2 siRNA

was approximately 2.4 times that of Ca9-22 cells trans-

fected with negative control siRNA (Fig. 1B).

Fig. 1. Sec8 knockdown increases p21 expression. (A, B) HSC3 (A) and Ca9-22 (B) cells were transfected with negative control, Sec8-1 or

Sec8-2 siRNA. After 48 h, cells were fixed with 4% paraformaldehyde, and stained with anti-p21 antibody followed by Alexa Fluor 488-

conjugated anti-rabbit IgG. Alexa Fluor� 568 Phalloidin was used to label the F-actin filament. TO-PRO-3 was used for nuclear staining. Scale

bars = 20 lm. The graphs on the right show the results of quantitative analysis of the nuclear localization of p21. The expression of p21 in

the nucleus was counted (n = 100) in three arbitrary fields. Asterisks indicate statistically significant differences (*P < 0.05, **P < 0.01;

Student’s t test). (C) HSC3 and Ca9-22 cells were transfected with negative control or Sec8 siRNAs. After 48 h, whole-cell lysates were

analyzed by immunoblotting using Sec8 or p21 antibody. b-actin served as the loading control. The band intensities for p21 were measured

and normalized to those for b-actin. Values are means � standard deviation of three separate experiments. Asterisks indicate statistically

significant differences (**P < 0.01; Student’s t test). A representative result of three independent experiments is shown.
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Next, we performed immunoblotting analysis to

confirm that Sec8 siRNAs influence the level of p21

protein expression. Compared with expression in con-

trol siRNA cells, p21 protein expression in cells trans-

fected with Sec8-1 or Sec8-2 siRNA increased

(Fig. 1C). We confirmed that knockdown of Sec8

increased the expression of p21 using immunofluores-

cence assay and immunoblotting analysis. In contrast,

a Sec8 over-expression experiment revealed that p21

protein expression in cells transfected with GFP–Sec8
decreased (Fig. S1A). Furthermore, the point mutation

of Myc-Sec8 was constructed to perform an add-back

experiment. We confirmed that p21 expression reverted

by adding back the point mutation of Myc-sec8

(Fig. S1B). Sec6 forms part of the exocyst complex

and forms a complex with Sec8 [24]. However, Sec6

knokdown had little or no effect on p21 expression in

HSC3 and Ca9-22 cells (Fig. S2). These results indi-

cate that Sec8 is involved in p21 expression.

Sec8 knockdown inhibits cell proliferation

Because Sec8 knockdown up-regulated expression of

p21 in the nucleus (Fig. 1), and previous studies have

revealed that p21 promotes cell-cycle arrest similar to

CKIs [3], we investigated whether Sec8 knockdown

affects cell growth. A cell proliferation assay showed

that cell growth was inhibited in HSC3 and Ca9-22

cells transfected with Sec8-1 or Sec8-2 siRNA

(Fig. 2A,C). Moreover, we confirmed that Sec8 knock-

down suppressed cell growth using a WST-1 assay. In

cells in which Sec8 was suppressed, the proliferation

rate was slower compared with that in control cells

(Fig. 2B,D). Collectively, these results indicate that

Sec8 is involved in cell growth through p21 regulation.

Sec8 knockdown decreases phosphorylated Rb

Because Sec8 knockdown increased p21 expression

(Fig. 1) and p21 has been shown to inhibit cyclin A or

A

B

C

D

Fig. 2. Sec8 knockdown inhibits cell proliferation. (A, C) HSC3 (A) and Ca9-22 (C) cells were seeded in six-well plates at a density of

1 9 105 cells per well, and transfected with negative control, Sec8-1 or Sec8-2 siRNA. Cells were counted every 24 h until 72 h. Three

independent experiments were performed. Asterisks indicate statistically significant differences (**P < 0.01; Student’s t test). (B, D) HSC3

(B) and Ca9-22 (D) cells were transfected with negative control, Sec8-1 or Sec8-2 siRNA, and seeded in 96-well plates at a density of

5 9 103 cells per well for cell viability evaluation using the WST-1 assay. Values are means � standard deviation of five separate

experiments. Asterisks indicate statistically significant differences (**P < 0.01; Student’s t test).
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cyclin E bound to CDK2 [25], as well as CDK4 bound

to cyclin D1 or cyclin D2 [3], and because the cyclin

D–CDK4/6 and cyclin E–CDK2 complexes then phos-

phorylate Rb, thus inactivating it and releasing the tran-

scription factor E2F from inhibition, we investigated

whether Sec8 knockdown suppresses phosphorylated

Rb expression. As shown in Fig. 3A,B, phosphoRb

(green) was localized mainly in the nucleus. In cells

transfected with Sec8-1 or Sec8-2 siRNA, expression of

phosphoRb in the nucleus was lower than that in cells

transfected with negative control siRNA (Fig. 3A,B).

Next, we performed immunoblotting analysis to

confirm that Sec8 siRNAs influence phosphoRb

protein expression. The expression of phosphoRb

protein decreased in cells transfected with Sec8-1 or

Sec8-2 siRNA (Fig. 3C). These data suggest that Sec8

knockdown down-regulates expression of phosphoRb

via regulation of p21.

Sec8 knockdown induces cell-cycle arrest at G1/S

phase

p21 is involved in cell-cycle arrest in the G1/S [26] and

G2/M [27] phases. Moreover, the Rb tumor suppressor

gene product plays a major role in regulating the G1/S

transition [28].

Because Sec8 knockdown suppressed cell growth,

increased p21 expression (Fig. 1), and down-regulated

expression of phosphoRb (Fig. 3), we next examined

cellular incorporation of bromodeoxyuridine (BrdU)

using an immunofluorescence assay and cell-cycle

analysis by flow cytometry. BrdU is a uracil analog

that is incorporated into newly synthesized DNA and

thus serves as a sensitive indicator of S-phase progres-

sion [29].

As shown in Fig. 4A, 50% of HSC3 cells transfected

with negative control siRNA showed BrdU incorpora-

tion. However, BrdU incorporation in cells transfected

with Sec8 siRNAs was approximately half that of the

negative control. In Ca9-22 cells, 60% of cells trans-

fected with negative control siRNA showed BrdU

incorporation, and BrdU incorporation in cells trans-

fected with Sec8 siRNAs was less than half that

(Fig. 4B).

Furthermore, flow cytometry analysis revealed that

Sec8 knockdown decreased the number of Ca9-22 and

HSC3 cells in S phase and G2/M phase. However,

compared to cells transfected with negative control

siRNA, Ca9-22 and HSC3 cells transfected with Sec8

siRNAs were present in G1 phase in higher numbers

(Fig. 4C). Taken together, these data indicated that

Sec8 knockdown promotes cell-cycle arrest at G1/S

phase.

Sec8 knockdown up-regulates the p21 mRNA

level

Immunofluorescence and immunoblotting analysis

showed that Sec8 knockdown increased p21 expression

(Fig. 1). Next, to determine whether p21 mRNA

expression was altered in cells transfected with nega-

tive control, Sec8-1 or Sec8-2 siRNA, we performed

quantitative real-time RT-PCR. We confirmed that

Sec8-1 and Sec8-2 siRNA decreased Sec8 mRNA

expression levels in HSC3 cells compared with those in

cells transfected with negative control siRNA

(Fig. 5A). We found that Sec8 down-regulation

increased p21 mRNA levels in HSC3 cells compared

with that in cells transfected with control siRNA

(Fig. 5A). Similar results were obtained in Ca9-22 cells

(Fig. 5B), and, together with the results in HSC3 cells,

suggested that Sec8 knockdown increases p21 mRNA

levels. We also performed quantitative real-time

RT-PCR to determine whether p27 or growth arrest

and DNA damage inducible (GADD)45a mRNA

expression was altered in cells transfected with nega-

tive control, Sec8-1 or Sec8-2 siRNA in HSC3 and

Ca9-22 cells. p27 is a member of the mammalian CIP/

KIP family [30], and p27 translation and protein sta-

bility are maximal in early G1 phase [31], while

GADD45a is involved in G2 arrest [32]. Sec8 knock-

down did not alter p27 mRNA levels but increased the

GADD45a mRNA level (Fig. S3).

Sec8 knockdown up-regulates FOXO4 or FOXO1

expression

Because p21 is a negative regulator of G1/S transition

in the cell cycle and is up-regulated by FOXO tran-

scription factors [13], we determined the expression of

FOXO proteins in cells transfected with negative con-

trol, Sec8-1 or Sec8-2 siRNA. Immunoblotting analysis

revealed that FOXO4 expression was increased in

HSC3 cells transfected with Sec8-1 and Sec8-2 siRNA

compared with that in cells transfected with negative

control siRNA (Fig. 6A). However, Sec8 knockdown

had little or no effect on FOXO1 and FOXO3a

expression in HSC3 cells, but increased FOXO1

expression in Ca9-22 cells. By contrast, Sec8 siRNA

had little or no effect on FOXO3a and FOXO4

expression in Ca9-22 cells, but increased FOXO4

expression in HSC3 cells (Fig. 6A).

Next, we used FOXO1 or FOXO4 siRNAs to con-

firm that Sec8 siRNAs influence the expression of p21

protein through FOXO protein expression. In HSC3

cells, expression of FOXO4 protein was suppressed by

FOXO4 siRNA (Fig. 6B). Similarly, FOXO1 protein
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expression was suppressed by FOXO1 siRNA in Ca9-

22 cells (Fig. 6B). Compared to expression in cells

transfected with control siRNA, the expression of p21

protein increased in cells transfected with Sec8-2 siR-

NA (Figs 1 and 6B). However, the induction of p21

was suppressed in HSC3 cells transfected with Sec8-2

and FOXO4 siRNAs and in Ca9-22 cells transfected

with Sec8-2 and FOXO1 siRNAs (Fig. 6B). Further-

more, we performed subcellular fractionation and

immunoblotting analysis to determine whether locali-

zation of FOXO proteins changed in cells transfected

with negative control siRNA or Sec8 siRNAs. We

found that Sec8 knockdown increased FOXO proteins

in the nucleus in HSC3 cells or Ca9-22 cells transfected

with Sec8 siRNAs compared with that in cells trans-

fected with negative control siRNAs (Fig. 6C). Taken

together, these results indicate that knockdown of Sec8

regulates the expression of p21 through control of

FOXO proteins.

Sec8 knockdown down-regulates the expression

of Mdm2 but not Skp2

Knockdown of Sec8 increased the expression of FOXO4

in HSC3 cells and FOXO1 in Ca9-22 cells (Fig. 6A).

We performed immunoprecipitation analysis to confirm

that Sec8 siRNAs influence the polyubiquitination of

FOXO1 or FOXO4. Figure 7A shows that Sec8 knock-

down decreased the polyubiquitination of FOXO1 in

Ca9-22 cells and that of FOXO4 in HSC3 cells.

S-phase kinase-associated protein 2 (Skp2) interacts

with FOXO1 [33] and contributes to FoxO1 polyubiq-

uitination [13]. Furthermore, the single-molecule

RING-finger E3 ligase murine double minute 2

(Mdm2) promotes ubiquitination of various FOXO

factors, including FOXO1 [34], FOXO3a [35] and

FOXO4 [36], suggesting that Mdm2 is a general E3

ligase for FOXO protein degradation [37]. We investi-

gated whether Sec8 knockdown affected expression of

Skp2 or Mdm2.

Although knockdown of Sec8 decreased the expres-

sion of Mdm2 in HSC3 cells and Ca9-22 cells trans-

fected with Sec8-1 and Sec8-2 siRNA, knockdown of

Sec8 did not influence the expression of Skp2

(Fig. 7B). Moreover, phosphorylated serine/threonine

kinase protein kinase B (Akt) is necessary for the deg-

radation of FOXO family proteins [38,39]. However,

Sec8 knockdown did not influence phosphorylated

Akt expression (Fig. 7B). To determine whether

Mdm2 mRNA expression was altered in cells trans-

fected with negative control, Sec8-1 or Sec8-2 siRNA,

we performed quantitative real-time RT-PCR. We

found that Sec8 down-regulation decreased Mdm2

mRNA levels in HSC3 cells and Ca9-22 cells com-

pared with that in cells transfected with control siR-

NA (Fig. 7C). Mdm2 is an E3 ligase that targets p53

[40]. However, Sec8 down-regulation did not alter the

expression of p53 (Fig. S4). Moreover, we performed

immunoblotting analysis to determine whether Mdm2

expression was altered in cells transfected with nega-

tive control, Sec6-1 or Sec6-2 siRNA in HSC3 cells

and Ca9-22 cells. Sec6 knokdown had little or no

effect on Mdm2 in HSC3 cells and Ca9-22 cells

(Fig. S2). Taken together, these results indicated that

Sec8 regulates FOXO family proteins via ubiquitin–
proteasome degradation by controlling the transcrip-

tion of Mdm2.

Discussion

In the present study, we found that Sec8 knockdown

promotes cell-cycle arrest by inducing p21 via control

of FOXO proteins, and Sec8 regulates FOXO proteins

through ubiquitin–proteasome degradation by control-

ling the transcription of Mdm2.

Although FOXO family proteins are regulated by

various molecules [37], the main regulator is Akt. Akt

is a primary mediator of the phosphorylation of

FOXO1, FOXO3 and FOXO4, and can block the

activity of these proteins [41]. Moreover, phosphory-

lated Akt is necessary for the degradation of FOXO

family proteins [38,39]. However, the present study

indicated that Sec8 did not regulate FOXO family pro-

teins through Akt signaling in oral cancer cell lines

(Fig. 7B). Furthermore, Skp2 is an E3 ligase of

FOXO1 that induces FOXO1 polyubiquitination and

Fig. 3. Sec8 knockdown suppresses phosphorylated retinoblastoma protein (Rb) expression. (A, B) HSC3 (A) or Ca9-22 (B) cells were

transfected with negative control, Sec8-1 or Sec8-2 siRNA. After 48 h, cells were fixed with 4% paraformaldehyde and stained with anti-

phosphoRb antibody followed by Alexa Fluor 488-conjugated anti-rabbit IgG. Alexa Fluor 568 phalloidin was used to label the F-actin

filament. TO-PRO-3 was used for nuclear staining. Scale bars = 20 lm. The expression of phosphoRb in the nucleus was counted (n = 100)

in three arbitrary fields. Asterisks indicate statistically significant differences (**P < 0.01; Student’s t test). (C) HSC3 cells were transfected

with negative control or Sec8 siRNAs. After 48 h, whole-cell lysates were analyzed by immunoblotting using Sec8, Rb or phosphoRb

antibody. b-actin served as the loading control. The band intensities for phosphoRb were measured and normalized to those for total Rb.

Values are means � standard deviation of three separate experiments. Asterisks indicate statistically significant differences (*P < 0.05,

**P < 0.01; Student’s t test). A representative result of three independent experiments is shown.
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degradation [33]. In our study, knockdown of Sec8 did

not alter the expression of Skp2 (Fig. 7B).

Another FOXO family protein regulator is Mdm2.

While Mdm2 is a major E3 ligase for p53, Mdm2 reg-

ulates other p53-independent proteins such as dihydro-

folate reductase (DHFR), E2F transcription factor 1

(E2F1), insulin-like growth factor 1 receptor (IGF-

1R), Mdmx (also known as MDM4), Mdm2-binding

protein (MTBP), p63, p65, p73, p107, Rb and Tip60

[42]. With regard to FOXO proteins, Mdm2 promotes

A

B

C

Fig. 4. Sec8 knockdown inhibits BrdU

incorporation and promotes cell-cycle

arrest at G1/S phase. (A, B) HSC3 (A) and

Ca9-22 (B) cells were transfected with

negative control, Sec8-1 or Sec8-2 siRNA.

Forty-eight hours after transfection, cells

were incubated for 1 h in the presence of

20 lM BrdU. After fixation with 3%

formaldehyde and blocking with 2% fetal

bovine serum, cells were stained with

anti-BrdU antibody followed by Alexa Fluor

488-conjugated anti-mouse IgG. TO-PRO-3

was used for nuclear staining. Scale

bars = 20 lm. The expression of BrdU in

the nucleus was counted (n = 100) in

three arbitrary fields. Asterisks indicate

statistically significant differences

(**P < 0.01; Student’s t test). (C) HSC3

and Ca9-22 cells were transfected with

negative control, Sec8-1 or Sec8-2 siRNA.

Forty-eight hours after transfection, the

cell cycle was analyzed using flow

cytometry.
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the ubiquitination of various FOXO factors, including

FOXO1 [43], FOXO3a [35] and FOXO4 [36], suggest-

ing that Mdm2 is a general E3 ligase for FOXO pro-

tein degradation [37]. In general, Mdm2 is a key

regulator of a variety of fundamental cellular processes

and a very promising drug target for cancer therapy.

It belongs to a large family of RING finger-containing

proteins, and functions mainly as an E3 ligase [44].

Mdm2 targets various substrates for mono-ubiquitina-

tion, poly-ubiquitination or both, thereby regulating

their activities, by controlling their localization, their

levels or both via proteasome-dependent degradation

[45]. In the present study, although knockdown of

Sec8 decreased the expression of Mdm2 in HSC3 cells

and Ca9-22 cells (Fig. 7B), knockdown of Sec8 did

not alter the expression of p53 (Fig. S4). This is

because ubiquitination and degradation of wild-type

or mutant p53 are regulated differently [40], and

mutant p53 protein is controlled independently of

Mdm2 [46–49]. Ca9-22 and HSC3 cell lines carry a

mutant p53 gene [50,51].

The present study indicated that Sec8 regulates

FOXO family proteins by controlling expression of

Mdm2 protein (Fig. 7B). However, Sec8 did not

regulate FOXO3 proteins via control of expression of

Mdm2 in Ca9-22 cells and HSC3 cells (Fig. 7B). The

A

B

Fig. 5. Sec8 knockdown increases the

p21 mRNA level. (A, B) HSC3 (A) or Ca9-

22 (B) cells were transfected with

negative control, Sec8-1 or Sec8-2 siRNA.

After 48 h, total RNA was purified and

cDNA was synthesized. Sec8, p21 and

glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) mRNA levels

were measured using quantitative real-

time RT-PCR. GAPDH was used for

normalization.
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Fig. 6. Sec8 knockdown increases the

expression of FOXO1 or FOXO4, and

regulates p21 expression through FOXO

proteins. (A) HSC3 cells and Ca9-22 cells

were transfected with negative control or

Sec8 siRNAs. After 48 h, whole-cell

lysates were analyzed by immunoblotting

using the indicated antibodies. b-actin

served as the loading control. The band

intensities for FOXO1 in Ca9-22 cells or

FOXO4 in HSC3 cells were measured and

normalized to those for b-actin. Values are

means � standard deviation of three

separate experiments. Asterisks indicate

statistically significant differences

(**P < 0.01; Student’s t test). A

representative result of three independent

experiments is shown. (B) HSC3 cells

were transfected with negative control

siRNA or Sec8-2 siRNA or FOXO4 siRNA

or Sec8-2 and FOXO4 siRNAs. Ca9-22

cells were transfected with negative

control or Sec8-2 siRNA or FOXO1 siRNA

or Sec8-2 and FOXO1 siRNAs. After 48 h,

whole-cell lysates were analyzed by

immunoblotting using the indicated

antibodies. bactin served as the loading

control. (C) HSC3 cells and Ca9-22 cells

were transfected with negative control or

Sec8 siRNAs. After 48 h, cells were

divided into a nuclear fraction and a

cytoplasmic fraction. Each fraction was

analyzed by immunoblotting using the

indicated antibodies. Rho GDIa was used

as a cytoplasmic marker, and lamin B was

used as a nuclear marker. N, nuclear

fraction; C, cytoplasmic fraction.
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Fig. 7. Sec8 knockdown down-regulates

polyubiquitination of FOXO proteins and

the expression of Mdm2. (A) HSC3 cells

and Ca9-22 cells were transfected with

negative control or Sec8 siRNAs. After

48 h, cell lysates were mixed with anti-

FOXO1 in Ca9-22 cells or anti-FOXO4 in

HSC3 cells, followed by protein A-

conjugated Sepharose beads, and

incubated for 6 h at 4 °C. The

immunoprecipitates were analyzed by

immunoblotting using anti-ubiquitin (Ub),

anti-FOXO1 or anti-FOXO4 antibody. (B)

HSC3 and Ca9-22 cells were transfected

with negative control or Sec8 siRNAs.

After 48 h, whole-cell lysates were

analyzed by immunoblotting using the

indicated antibodies. b-actin served as the

loading control. The band intensities for

Mdm2 were measured and normalized to

those for b-actin. Values are

means � standard deviation of three

separate experiments. Asterisks indicate

statistically significant differences

(**P < 0.01; Student’s t test). A

representative result of three independent

experiments is shown. (C) HSC3 or Ca9-

22 cells were transfected with negative

control, Sec8-1 or Sec8-2 siRNA. After

48 h, total RNA was purified and cDNA

was synthesized. Mdm2 and

glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) mRNA levels

were measured using quantitative real-

time RT-PCR. GAPDH was used for

normalization.
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stability of FOXO proteins is regulated by the

ubiquitin–proteasome pathway [52], and some E3 lig-

ases are involved in FOXO protein degradation [37].

Although E3 ligases are necessary for ubiquitin–pro-
teasome degradation of FOXO3, the mechanism is not

well established. Recently, Tsai et al. [43] showed that

a b-transducin repeat-containing protein (bTrCP) is a

novel E3 ligase that regulates degradation of the

FOXO3 protein through the ubiquitin–proteasome

system. In Ca9-22 cells and HSC3 cells, bTrCP may be

involved in ubiquitin–proteasome degradation of

FOXO3. Moreover, a recent study showed that

FOXO3 deacetylation by sirtuin 1 (SIRT1) or sirtuin 2

(SIRT2) facilitates FOXO3 ubiquitination and

subsequent proteasomal degradation [53]. In this

regard, the degradation of FOXO3 in Ca9-22 cells and

HSC3 cells may be regulated through deacetylation by

SIRT1 or SIRT2. However, further research is

required to determine the mechanism of FOXO3 regu-

lation in Ca9-22 and HSC3 cells.

Mdm2 is strictly regulated by various mechanisms.

In the protein level, Mdm2 is a very short-lived protein

because of rapid degradation due to ubiquitin-depen-

dent proteolysis [54]. Moreover, Mdm2 also drives its

own ubiquitination [55]; this auto-ubiquitylation capa-

bility is separate from its ability to ubiquitylate p53.

At the transcriptional level, miRNAs including miR-

143, miR-145 and miR-605 have been found to inhibit

Mdm2 expresion [56,57]. Furthermore, human antigen

R (HuR), which is a member of the embryo-lethal

abnormal vision RNA-binding protein family and is

also known as ELAV1, was found to bind to and sta-

bilize the Mdm2 transcript [58]. Recently, the RNA

binding protein RNPC1, also called RNA binding

motif protein 38 (RBM38) was found to bind to and

destabilize the Mdm2 transcript, leading to decreased

expression of Mdm2 transcript and protein [59].

Because Sec8 down-regulation decreases Mdm2

mRNA levels in HSC3 cells and Ca9-22 cells com-

pared with cells transfected with control siRNA

(Fig. 7C), it is likely that Sec8 may be related to miR-

NAs or HuR or RNPC1.

Another possible mechanism is that Sec8 is

involved in the regulation of Mdm2 mRNA nuclear

export. Although the mRNA–protein complexes

remain tightly attached to the nuclear matrix during

mRNA processing, the interaction between the

mRNA–protein complexes and the nuclear matrix is

weakened, and the mRNA is transported from the

nucleus to the cytoplasm at some point after process-

ing [60]. The regulation of the nuclear export of

mRNA is a key point of control for expression of

many cellular proteins [61]. With regard to Mdm2,

Phelps et al. [62] revealed that, after activation of

Ras/Raf/MEK/ERK signaling, the block of Mdm2

mRNA nuclear export was released and allowed

expression of the Mdm2 protein. Thus, Sec8 may be

involved in Mdm2 mRNA nuclear export directly or

may influence Ras/Raf/MEK/ERK signaling. How-

ever, further research is required to investigate the

transcriptional regulation of Mdm2 by Sec8.

Experimental procedures

Cell cultures

Oral squamous cell carcinoma cell lines HSC3 and Ca9-22

were maintained in Dulbecco’s modified Eagle’s medium

(Wako, Osaka, Japan) supplemented with 10% heat-inacti-

vated fetal bovine serum and 100 units/mL penicillin and

streptomycin. All cultures were grown at 37 °C in a

humidified atmosphere of 5% carbon dioxide for routine

growth.

Plasmid construction

The full-length human Sec8 cDNA from HSC3 cells was

cloned into the HindIII and KpnI sites of the pEGFP-C3

vector (Clontech, Mountain View, CA, USA) and the XhoI

and KpnI sites of the pCMV-Myc vector (Clontech). The

point mutation of Myc-Sec8 was constructed using a Quik-

Change site-directed mutagenesis kit (Stratagene, La Jolla,

CA, USA) to be resistant to Sec8-1 siRNA. Primers 5′-GC

AAACGGGATGAGCTTCGAAAACTGTGGATTGAA

GGAATTG-3′ and 5′-CAATTCCTTCAATCCACAGTT

TTCGAAGCTCATCCCGTTTGC-3′ were used for the

point mutation of Myc-Sec8. Constructs were confirmed by

performing restriction enzyme analysis and sequencing.

RNA interference

Two sets of siRNA duplexes for each targeting protein

were used to knockdown human Sec8 (Sec8-1: HSS127028,

Sec8-2: HSS127029; Invitrogen, Carlsbad, CA, USA),

human FOXO1 (HSS177165; Invitrogen), human FOXO4

(HSS106599; Invitrogen), and human Sec6 (Sec6-1:

HSS117611, Sec6-2: HSS117612; Invitrogen). Stealth

RNAiTM siRNA negative control (Invitrogen) was used as

the control. Cells were transfected with RNAi duplexes

using Lipofectamine� 2000 (Invitrogen). Cells were used

for experiments 48 h after transfection.

Immunoblotting analysis

Transfected cells were lysed in lysis buffer (20 mM Tris/

HCl, pH 7.4, 50 mM NaCl, 1 mM Na3VO4, 50 mM NaF,

1% Triton X-100 and protease inhibitor cocktail). The
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protein concentration was determined using BCA protein

assay reagent (Pierce, Rockford, IL, USA) according to

the manufacturer instructions. The samples were boiled

for 10 min in SDS sample buffer (New England Biolabs,

Beverly, MA, USA). Equal amounts of protein lysate

were used for SDS/PAGE and electrophoretically trans-

ferred onto polyvinylidene fluoride (PVDF) membranes

(Millipore, Billerica, MA, USA). The PVDF membrane

was then blocked with 5% skim milk in NaCl/Pi contain-

ing Tween-20. The PVDF membranes were immunoblot-

ted with primary antibodies against Sec8 (1 : 1000; sc-

136234; Santa Cruz, Dallas, TX, USA), b-actin (1 : 5000;

clone AC-15; Sigma, St Louis, MO, USA), p21 (1 : 1000;

#2947; Cell Signaling Technology, Danvers, MA, USA),

FOXO1 (1 : 1000; #2880; Cell Signaling Technology),

FOXO3a (1 : 1000; #2497; Cell Signaling Technology),

FOXO4 (1 : 500; #9472; Cell Signaling Technology), total

Rb (1 : 1000; sc-102; Santa Cruz), phosphoRb (Ser807/

811) (1 : 1000; #9308; Cell Signaling Technology), Mdm2

(1 : 1000; clone Ab-1; Millipore), total Akt (1 : 1000; sc-

5298; Santa Cruz), phosphoAkt (Ser473) (1 : 1000; #4060;

Cell Signaling Technology), GFP (1 : 1000; clone JL-8;

Clontech), Myc (1 : 1000; #631206; Clontech), Sec6

(1 : 1000; clone 9H5; Millipore), p53 (1 : 1000; sc-126;

Santa Cruz) and Skp2 (1 : 1000; #2652; Cell Signaling

Technology). Immunoreactive complexes were visualized

using the chemiluminescent HRP substrate ImmobilonTM

Western (Millipore). Band intensities were quantified by

densitometry using IMAGEJ (National Institutes of Health,

USA).

Cell proliferation assay

To investigate the effect of Sec8 knockdown on cellular

proliferation, we transfected HSC3 and Ca9-22 cells with

negative control siRNA or Sec8 siRNAs and seeded them

into six-well plates at an optimal density of 1 9 105 cells

per well. At the indicated time points, the cells were trypsi-

nized and counted in triplicate using a hemocytometer. The

experiments were performed for 72 h, and the cells were

counted every 24 h.

WST-1 assay

HSC3 and Ca9-22 cells were transfected with negative con-

trol siRNA or Sec8 siRNAs, and seeded into 96-well plates

at optimal density of 5 9 103 cells per well. After 48 or

72 h incubation, the cell proliferation reagent WST-1 was

added to each well, as specified by the manufacturer

(Roche Applied Science, Penzberg, Germany). After 4 h

incubation, the attenuance (A) was measured on a micro-

plate reader (SUNRISE REMOTE; Wako) at 450 nm.

Wells without cells containing complete medium and

WST-1 reagent acted as blanks. The viability index was

calculated according to the following formula: (A48 h or

A72 h/A0 h) 9 100.

Immunofluorescence microscopy

Cells were cultured on micro cover glasses and rinsed with

NaCl/Pi. Cells were fixed with 4% paraformaldehyde,

washed with NaCl/Pi three times for 5 min at room tem-

perature, and permeabilized with 0.1% Triton/NaCl/Pi.

Cells were incubated with 10% normal donkey serum for

blocking, and incubated with anti-p21 or anti-phosphoRb

primary antibodies overnight at room temperature in a

moist chamber. For immunofluorescence examination, cells

were washed with NaCl/Pi three times, and incubated with

Alexa Fluor 488-conjugated anti-rabbit IgG (H+L) as the

secondary antibody for 1 h. TO-PRO-3 (life technologies,

Carlsbad, CA, USA) was used for nuclear staining. The

images were observed under a confocal laser scanning

microscope (LSM510 META; Zeiss, Jena, Germany).

BrdU incorporation assay

The BrdU incorporation assay was performed using a mod-

ified version of a previously described protocol [63]. Briefly,

cells seeded on the coverslip were transfected with negative

control siRNA or Sec8 siRNAs. Forty-eight hours after

transfection, cells were incubated for 1 h in the presence of

20 lM BrdU. The medium was then aspirated, and the cells

were washed with NaCl/Pi and fixed with 3% formalde-

hyde. The cells were incubated with 2 M HCl/0.5% Tri-

ton X-100 for 10 min, incubated with 0.15 M boric acid

(pH 8.4) for 15 min, washed with NaCl/Pi, and blocked

with 2% fetal bovine serum. BrdU staining was observed

using BrdU antibody (1 : 100; #1170376; Roche). Nuclei

were stained using TO-PRO-3. BrdU-positive cells were

counted under a confocal laser scanning microscope

(LSM510 META; Zeiss).

Cell-cycle analysis

At 48 h after transfection with negative control, Sec8-1 or

Sec8-2 siRNA, the cells were fixed in 70% ethanol at

�20 °C for 2 h. Cells were centrifuged at 600 g for 5 min,

and washed with NaCl/Pi several times before being resus-

pended in NaCl/Pi containing 0.25 mg/mL RNase A

(Sigma). The samples were incubated at 37 °C for 60 min,

and 7-amino-actinomycin D (Invitrogen) was added to a

final concentration of 1 lg/mL. After staining with 7-

amino-actinomycin D, cells were washed with NaCl/Pi and

analyzed using a FACS CantII flow cytometer equipped

with FACS Diva software (BD Biosciences, San Jose, CA,

USA). The populations of cells in the G1, S and G2/M

phases were determined using FLOWJO (Tomy Digital Biol-

ogy Co, Tokyo, Japan).
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Quantitative real-time RT-PCR

Total RNA of cells was extracted using TRIzol� Reagent

(Invitrogen), and cDNA was synthesized using a Prime-

Script II 1st Strand cDNA synthesis kit (TaKaRa, Otsu,

Japan) according to the manufacturer’s instructions. mRNA

levels were determined using a 7500 Fast Real-Time PCR

system (Applied Biosystems, Carlsbad, CA, USA) according

to the manufacturer’s instructions. Data analysis was per-

formed by normalization to glyceraldehyde-3-phosphate

dehydrogenase mRNA levels. Experiments were repeated

three times, and the fold difference in gene expression in

cells transfected with Sec8 siRNAs compared with control

cells was calculated using the comparative Ct method [64].

The following oligonucleotides were used: 5′-

TGCACCACCAACTGCTTAGC-3′ and 5′-GAGGGGC

CATCCACAGTCTTC-3′ for glyceraldehyde-3-phosphate

dehydrogenase, 5′-TGTCCGTCAGAACCCATG-3′ and 5′-

TGCCTCCTCCCAACTCATC-3′ for human p21Cip1 [65],

5′-CTGAGGACACGCATTTGG-3′ and 5′-CTTCTGAGG

CCAGGCTTCTT-3′ for p27 [66], 5′-CTACAGGGACGC

CATCGAAT-3′ and 5′-TGAATCCTGATCCAACCAATC

A-3′ for Mdm2 [67], 5′-GAGAGCAGAAGACCGAAAG

GA-3′ and 5′-CACAACACCACGTTATCGGG-3′ for

GADD45a [68], and 5′-CCTGATCTCCTGCATCCTCAT

TAATGG-3′ and 5′-CGTCAGCTGTGTTGTAAAGCA

TCTCGT-3′ for Sec8.

Immunoprecipitation analysis

Cells were transfected with negative control, Sec8-1 or

Sec8-2 siRNA. Forty-eight hours after transfection, cells

were treated with 10 lM MG132 (Sigma) for 8 h. Cells

were lysed in lysis buffer (20 mM Tris/HCl, pH 7.4,

50 mM NaCl, 1 mM Na3VO4, 50 mM NaF, 1% Triton X-

100 and protease inhibitor cocktail). Then 4 mg of the

cell lysates were pre-cleaned using protein A Sepharose

beads (GE Healthcare, Piscataway, NJ, USA) for 2 h at

4 °C, incubated with 10 lg FOXO1 antibody (#2880; Cell

Signaling) in Ca9-22 cells or 10 lg FOXO4 antibody

(#ab128908; Abcam, Cambridge, UK) in HSC3 cells over-

night at 4 °C, and reacted with 200 ll protein A Sephar-

ose for 6 h. After washing the immunoprecipitated

complexes four times with lysis buffer, they were boiled

for 10 min in SDS sample buffer (New England Biolabs).

Immunoprecipitated complexes were subjected to SDS/

PAGE, transferred to PVDF membranes (Millipore), and

analyzed by immunoblotting. The PVDF membranes were

immunoblotted using primary antibodies against ubiquitin

(1 : 1000; #U5379; Sigma) and FOXO1 or FOXO4.

Subcellular fractionation

Cells were washed with ice-cold NaCl/Pi twice and

homogenized in 500 lL buffer A (10 mM HEPES/KOH,

pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA,

1 mM NaF, 1 mM Na3VO4, 1 mM dithiothreitol, 1 mM

phenylmethylsulfonyl fluoride, 1 lg/mL leupeptin) at

4 °C, and kept on ice for 15 min. Then 50 lL of 10%

Nonidet P-40 (Nacalai Tesque, Inc., Kyoto, Japan) was

added, and the homogenate wasc vortexed and centri-

fuged for 5 min at 3000 g at 4 °C to obtain nuclear pel-

lets. Supernatants containing cytoplasm were transferred

to a fresh tube. The pelleted crude nuclei were resus-

pended in 500 lL buffer A, and mixed by pipetting sev-

eral times and centrifuged for 5 min at 3000 g at 4 °C.
This procedure was performed twice to obtain purified

crude nuclei.

The purified nuclei were resuspended in 50 lL ice-cold

buffer B (20 mM Tris/HCl, pH 7.5, 400 mM NaCl, 0.1 mM

EDTA, 0.1 mM EGTA, 1 mM NaF, 1 mM Na3VO4, 1 mM

dithiothreitol, 1 mM phenylmethylsulfonyl fluoride).

Nuclear proteins were extracted for 30 min by incubating

the nuclei on ice, and the supernatant was collected after

centrifugation for 10 min at 10 000 g at 4 °C. Rho GDP

dissociation inhibitor alpha (Rho GDI a) (1 : 1000; sc-360;

Santa Cruz) was used as a cytoplasmic marker, and lam-

in B (1 : 1000; sc-6216; Santa Cruz) was used as a nuclear

marker.

Statistical analysis

Data are expressed as means � standard deviation from

three or more independent experiments. Statistical analysis

was performed using Student’s t test.
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the online version of this article at the publisher’s web

site:
Fig. S1. The overexpression of Sec8 decreases p21

expression and the overexpression of the point muta-

tion of Sec8 restored p21 expression.

Fig. S2. Sec6 knockdown does not alter p21 and

Mdm2 expression.

Fig. S3. Sec8 knockdown does not alter the p27

mRNA level but increases the GADD45a mRNA

level.

Fig. S4. Sec8 knockdown does not alter p53 expres-

sion.
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